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Standard microelectrode techniques were used to record
transmembrane potentials and determine conduction
characteristics in regions of mottled infarcts of canine
epicardium, 3 to 5 days or 8 to 15 days after left anterior
descending coronary artery occlusion and reperfusion.
At 3 to 5 days, resting potential, action potential am-
plitude, maximal rate of depolarization and action po-
tential duration at 30% repolarization were significantly
reduced in the infarcted region. Cells on the epicardial
surface showed improvement in resting potential, action
potential amplitude and rate of depolarization between
3 to 5 days and 8 to 15 days after infarction. In normal
noninfarcted tissues, conduction velocityparallel to fiber
orientation was 0.54 ± 0.06 mls (mean ± standard
deviation). Slow conduction in infarcted regions ranged
from 0.015 to 0.2 mls. Action potentials recorded from
Several investigators (1-5) have recently reported that from
3 days to at least 5 weeks after experimental myocardial
infarction produced by various coronary artery occlusion or
reperfusion methods, or both, dogs are susceptible to ven-
tricular tachyarrhythmias induced by routine programmed
electrical stimulation techniques. Our laboratory (5-8) has
evaluated the in vivo electrophysiologic characteristics of
one model in which the infarct is produced by 2 hours of
occlusion of the left anterior descending coronary artery
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slowly conducting regions tended to include cells with
more depressed amplitude and rate of depolarization
than other cells in infarcted regions; they also had in-
appropriately depressed overshoot relative to their rest-
ing potential. Actionpotentials in slowly conducting areas
where local conduction block occurred were associated
with prepotentials and notches on their depolarization
and repolarization phases. The prepotentials and notches
appeared to be caused by electrotonic interactions reo
sulting from microcircuitousconduction around or across
inexcitable areas.
These findings demonstrate that areas of slow con-
duction are heterogenously distributed in the mottled
infarct and suggest that disruptions in cell to cell elec-
trical continuity and decreased excitability may contrib-
ute to this slow conduction.
followed by reperfusion. This procedure results in a region
of infarction that is transmural but mottled in appearance
with close interspersing of normal and abnormal tissue. In
contrast, after permanent occlusion of a coronary artery in
the dog, the infarct is usually transmural and confluent with
irregular borders and survival of a thin layer of epicardial
cells and endocardial Purkinje fibers in the infarcted region
(9,10).
The arrhythmias induced in these dogs have many sim-
ilarities to the recurrent sustained ventricular arrhythmias
observed in patients with chronic myocardial infarction, and
there is evidence that the mechanism of the arrhythmias in
both cases is caused by reentry in the infarcted region (2,5,11).
In dogs that have undergone complete occlusion to produce
a discrete transmural infarction, epicardial mapping studies
have localized the pacing-induced ventricular extrasystolic
beats as well as runs of ventricular tachycardia to surviving
epicardial cells overlying the infarct (1,12). Similar map-
ping studies have not been carried out on animals exhibiting
mottled infarcted regions. However, these models are of
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interest because the ability to induce stable and reproducible
ventricular tachyarrhythmias in animals with mottled in-
farcts persists for a longer period of time (weeks to months)
than in animals with transmural and confluent infarcts (2,3,5),
In addition, there is evidence that the heterogeneous anat-
omy of a mottled infarct may be a contributing factor pre-
disposing the animal to ventricular tachyarrhythmia (13).
Although several electrophysiologic studies have de-
scribed chronic action potential abnormalities in vertricular
tissues of animals with confluent infarcts (14-17) and mot-
tled infarcts (18,19), relatively few attempts have been made
to correlate these abnormalities with conduction (20). The
present studies were undertaken to evaluate the cellular elec-
trophysiologic properties of epicardial tissues overlying the
infarct of dogs that had pacing-induced ventricular tachy-
cardias at the time of study. Our objective was to use mi-
croelectrode mapping techniques to determine the preva-
lence and size of areas of abnormal conduction and determine
the electrophysiologic characteristics of cells in these areas.
Methods
Experimental myocardial infarction. Experiments were per-
formed on 17 adult mongrel dogs weighing 8 to 16 kg. Eleven of
these dogs underwent experimental infarction. The animals were
anesthetized with intravenous sodium pentobarbital (30 mg/kg body
weight) and ventilated with room air. The heart was exposed through
a small left lateral thoracotomy at the fourth intercostal space using
sterile procedures. The pericardium was opened and the left an-
terior descending coronary artery was exposed and occluded in
two stages approximately 1 to 2 em from its origin (21). A snare
was placed around the artery and tightened around a 20 gauge
needle that was then removed to allow 30 minutes of partial oc-
clusion of blood flow. The artery was then completely occluded
and after 2 hours the snare was removed and the return of pulsatile
blood flow verified. The chests were closed without apposing the
pericardium to reduce the formation of adhesions. The animals
were allowed to recover and routine postoperative care, including
prophylactic antibiotic therapy, was administered. Details of our
methods have previously been reported (5).
One dog served as a sham operated control animal. This dog
was studied 14 days after an operation that included all procedures
except the occlusion. Five dogs served as a control group without
having undergone the operative procedure. Normal tissue beyond
the border of the infarct was studied in one dog with infarction
that was included in the control group.
Isolated tissue preparations. Ventricular tissues were re-
moved from the dogs either 3 to 5 days or 8 to 15 days after the
occlusion and reperfusion procedure. The animals were anesthe-
tized with intravenous sodium pentobarbital (30 mg/kg body weight),
their chest opened by means of a left lateral thoracotomy or mid-
sternotomy and susceptibility to ventricular tachyarrhythmias ver-
ified by programmed electrical pacing through plunge wire elec-
trodes inserted in normal left ventricular myocardium (6). The
heart was removed and tissues were obtained from the infarcted
region of the left ventricle.
In II animals (5 dogs at 3 to 5 days and 6 dogs at 8 to 15
days), tissues were shaved from the epicardial surface of the most
dense region of infarction using a scalpel. The tissues were ap-
proximately I to 2 rnrn thick, I cm wide and 2 to 3 em long and
removed so that their longitudinal axis was parallel to the super-
ficial fiber orientation. The epicardial slices were placed in a tissue
bath with the epicardial surface exposed. The tissues were super-
fused with Tyrode's solution gassed with 95% oxygen and 5%
carbon dioxide. The calcium concentration of the solution was 1.6
mM and the potassium concentration was 2.5 mM. Our in vitro
techniques have been published previously (22). With the same
techniques, six epicardial preparations were obtained from cor-
responding areas of the normal left ventricular myocardium in
control dogs.
In obtaining our tissues, we were careful to avoid areas of
epicardium where pericardial adhesions had formed and where
superficial fiber orientation could not be ascertained to run parallel
to the longitudinal orientation of our tissues. Nitro blue tetrazolium
was used to stain surviving cells on the epicardial surface at the
termination of the experiment to verify superficial fiber orientation
and the boundaries of the infarct. In addition, two tissues were
sectioned transversely and stained with orcein and van Gieson to
verify histologically our ability to obtain parallel orientation of
fibers over the length of the tissues.
Immediately after the tissues were placed in Tyrode's solution,
a bipolar stimulating electrode consisting of two Teflon-coated
silver wires was positioned at one end and a similar bipolar elec-
trode was used at the opposite end to obtain a surface electrogram.
The tissues were paced at a basic cycle length of 1,000 ms using
constant current square wave pulses of 2 ms duration and twice
diastolic threshold intensity. The bipolar electrogram was contin-
uously monitored using a memory oscilloscope so that the time at
which conduction through the tissues reached an equilibrium could
be determined. The conduction time measured from the stimulus
artifact to the intrinsic deflection and the electro graphic configu-
ration became constant after approximately 30 minutes to I hour.
Measurements were begun after the electrogram remained stable
for at least 30 minutes. The electrogram was monitored to verify
the stability of the preparation throughout the course of the
experiment.
Datarecording andanalysis. Transmembrane potentials were
recorded using standard 3 mM potassium chloride-filled micro-
electrodes. Tissue surfaces were sketched and delineated with a
grid of recording sites using a dissecting microscope with an optical
micrometer. In most of the studies, the sites were approximately
2 to 3 mm apart. Usually only one recording ';,vas made at each
site and was accepted if it remained stable for at least 30 seconds.
Because we wished to obtain infonnaHon on the variability of
action potentials in the normal tissues, recorcjjngs were not rejected
on the basis of their exceeding predetermined limits for acceptable
action potential variables. The recordings were displayed on an
oscilloscope and photographed on 35 mm film and stored on analog
tape for later analysis. After the experiment, all variables were
measured to the nearest millivolt and millisecond using a Hewlett-
Packard 9825A computer and digitizer system. The time of acti-
vation of a site was determined by measuring the time from stim-
ulus artifact to the maximal rate of depolarization of the action
potentials. Because the potentials were sequentially recorded, it
was essential that the activation sequence remain unchanged during
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the course of the experiment. This was verified by monitoring the
configuration and timing of the bipolar electrogram. In one in-
farcted tissue to be described subsequently, four simultaneous re-
cordings were made continuously for I hour to verify that the
conduction sequence and timing remained constant in our prepa-
ration for the duration of our mapping procedures.
The action potential variables measured were resting potential,
action potential amplitude, maximal rate of depolarization deter-
mined by electronic differentiation (dV/dt max) and action poten-
tial durat ion at 30 and 100% repolarization. The duration at 30%
repolarization gave an indication of thc action potential duration
during the plateau phase of the action potential.
Statistical analysis. Mean values were compared using Stu-
dent 's t test for nonpaired data. A probability (p) value less than
or equal to 0.05 was considered significant. All tabular data are
expressed as mean values ± I standard deviation .
Limitations of the methods. Because sequential microelec-
trode recordings were used to determine the activation sequence,
the tissue had to remain stable for the duration of the experiment.
Therefore , we had limited ability to map the sequence of activation
during certain interventions, such as very early premature beats
or after the application of agents that did not produce a steady
state for a prolonged period.
We attempted to estimate conduction velocity in our tissues
using the activation times and distances of the sequential micro-
electrode recordings. The usual distance between our microelec-
trode recordings was 2 to 3 mm. Because we were able to measure
changes in conduction time of I ms, our techniques allowed us to
detect accurately the presence of slow conduction between re-
cording sites. However , the location of the region could be de-
termined with a resolution of only 2 to 3 mm. In some regions
where the initial mapping survey indicated abnormal conduction ,
finer resolution was obtained using smaller recording distances.
Results
Action Potential Characteristics
Normal epicardium. Table I compares the electro-
physiologic properties of normal epicardium and infarcted
epicardium studied at 3 to 5 days and at 8 to 15 days after
infarction. In the normal group , Experiment 5 was the sham
operated animal and Experiment 7 includes cells recorded
in a normal region of an infarcted tissue. Using an analysis
of variance, there was no significant difference among Ex-
periments 5 and 7 and the nonoperated control animals for
each of the variables .
Infarcted epicardium. In the group with infarctions
studied at 3 to 5 days , resting potential , action potential
amplitude , rate of depolarization (dY/dt max) and action
potential durat ion at 30% repolarization (APD3o ) were all
significantly reduced compared with values in the normal
tissues. In contrast, by the 8th to the 15th day after infarction
the only variable significantly different from normal was
the action potential duration at 30% repolarization. For both
the 3 to 5 day and 8 to 15 day infarcted tissues, the action
potential duration at full repolarization (APDlOo) was not
significantly different from normal.
Mixed population of cells in infarcted tissue. Table I
does not indicate that, for each of the experiments in the
two groups of infarcted tissues, the mean value was obtained
from a mixed population in which some cells had varying
degrees of abnormalit y. Table 2 indicates the mean values
::!: standard deviation for each variable recorded in the 131
normal cells and the percent of cells for both the 3 to 5 day
and 8 to 15 day infarcted tissues in which the electrophys-
iologic variables were more than 2 standard deviation s from
the normal mean value . These data emphasize the mixed
population of cells observed in the infarcted regions and
also the decrease in the proportion of cells exhibiting greatly
depressed resting potential s and action potential amplitudes
at 8 to 15 days after infarction .
Resting potential and overshoot of action poten-
tial. Figure I demonstrate s the relation between resting po-
tential and the magnitude of the overshoot of the action
potential for all normal cells (A) and all cells recorded in
the infarcted area (B). For the normal cells in A, the
overshoot averaged 18.0 ± 5.4 mY for the epicardial prep-
arations. All cells recorded in normal tissues had an over-
shoot and none had a resting potential less than 70 mY.
Thus all normal cells fell within the upper right quadrant
of the graph. In Figure IB, data for cells in infarcted regions
are plotted in a similar way. The majority of cells recorded
in infarcted regions also fell within the upper right quadrant
of the graph . However , there was greater than normal scatter
with many cells exhibiting overshoot and resting potential
beyond the range for the normal population . Although not
indicated by Figure I , cells from infarcted regions that fell
within the normal range for resting potential and overshoot
were still distinguished from normal cells by their depressed
action potential plateaus. The values in Figure IB and lA
demonstrate that 20 cells in the infarcted group had a resting
potential that fell into the normal range, yet these cells did
not have an overshoot (those cells falling in the lower right
quadrant of the graph in Fig. IB). The lack of an overshoot
could not be due to a depolarized resting potential in these
cells.
Characteristics of Impulse Conduction
Several investigators (23- 26) have shown that conduc-
tion velocity perpendicular to myocardial fiber orientation
in normal myocardium is slower than that parallel to fiber
orientation ; this is due to the decreased cell to cell electrical
coupling perpendicular to fiber orientation and is not as-
sociated with a depression in the action potential. In our
preparations , we arranged the orientation of the superficial
fibers parallel to the longitudinal axis of the tissue, and in
the infarcted tissues we arranged the stimulating electrodes
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Table 1. Electrophysiologic Properties of Normal and Infarcted Myocardium*
Resting
Cells Potential Action Potential dV/dt max
Experiment (n) (mV) Amplitude (mV) (Vis) APD30 (ms) APDlOo (ms)
Normal
I 20 80.2 103.6 131.6 113.4 196.4
2 19 80.0 101.0 114.8 100.4 192.7
3 17 83.3 98.2 148.7 121.1 206.8
4 25 88.0 101.9 130.5 95.1 180.0
5 25 96.2 115.7 1Ol.2 159.8 277.4
6 15 84.9 99.9 255.1 192.9 272.0
7 10 85.6 103.6 93.4 113.0 210.3
Mean ± SD 85.5 ± 5.5 103.4 ± 5.8 139.3 ± 54.5 128.0 ± 35.5 219.4 ± 39.1
3 to 5 DlIY Infarct
It 22 77.5 91.7 114.0 111.9 257.3
2t 16 68.2 61.1 32.0 78.9 223.9
3t 19 65.8 63.5 33.8 62.1 217.9
4t 25 65.9 70.6 67.2 50.9 182.6
5 21 74.5 83.1 84.1 83.9 222.4
Mean ± SD 70.4 ± 5.3 74.0 ± 13.1 66.2 ± 34.7 77.5 ± 23.3 220.8 ± 26.5
P valuer 0.001 0.001 0.025 0.020 NS
8 to 15 Day Infarct
It 23 86.0 100.3 93.1 88.9 193.9
2 14 86.1 101.9 128.6 60.2 199.5
3t 23 82.6 93.0 115.7 35.6 153.2
4 28 89.4 107.5 106.2 42.2 226.0
5t II 81.0 77.6 37.2 46.0 165.3
6t II 77.0 72.4 25.1 57.9 171.8
Mean ± SD 83.7 ± 4.4 92.1 ± 14.1 84.3 ± 42.9 55.1 ± 19.0 185.0 ± 26.6
p valuer NS NS NS 0.001 NS
'The data are presented as mean values for all recordingsobtained in each of the preparations The means and standard deviations for each column in the three groups
are indicatedas well as the probabilityvalues resultingfrom a comparisonof the mean values in the two infarctgroups with the normal values. t'Irssues havmg slow conducting
regions tVersus normal
APOJO = action potential duration at 30% repolarization; APO",o = action potential duration at 100% repolarizanon; dv/dt max = maximal rate of depolanzanon: NS
= difference not significant;p = probability; SO = standarddeviation.
so that the conduction wave front generated was initially
parallel to the fiber orientation. Therefore, we were able to
detect regions of abnormal conduction and relate them to
action potential variables without having the data compli-
cated by conduction advancing perpendicular to the fiber
orientation.
Influence of fiber orientation on conduction in normal
myocardium. In seven preparations in which the effect of
fiber orientation on conduction velocity was measured in
normal myocardium, the conduction velocity parallel to fi-
ber orientation was 0.54 ± 0.06 mls and conduction per-
pendicular to fiber orientation was 0.25 ± 0.04 mls.
Table 2. Percent of Cells in Infarcted Tissues With Variables More Than 2 Standard Deviations From the Normal Mean Values
% of Cells Deviating> 2 SD From Normal
Normal
Mean Values
Mean Values 3 to 5 Day Infarct 8 to 15 Day Infarct p
(n = 131) (n = 103) (n = 110) Value*
Restingpotential (mV) 86.1 ± 7.8 42.7 3.6 0.001
Action potential 104.1 ± 8.8 73.8 20.0 0.001
amplitude (mV)
dV/dt max (Vis) 136.6 ± 63.2 5.8 3.6 NS
APD30 (ms) 127.0 ± 35.9 20.4 63.0 0.001
APDlOo (ms) 219.3 ± 41.9 1.9 9.1 0.05
'By chi-square analysis; 8 to 15 day versus 3 to 5 day.
n = number of cells impaled; other abbreviationsas m Table I.
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Conduction velocity in infarcted myocardium. In our
experiments, conduction velocity was not uniformly de-
pressed in infarcted myocardium. Figure 3 presents data
from one experiment in which we were not able to observe
slow conduction in surviving epicardial cells although the
infarcted region encompassed the entire area of our record-
ing sites.
In Figure 3A. the activation times fo r each recording site are
shown in milliseconds after stimulation. The estimated conduction
velocity in the region where the wave front was parallel to fiber
orientation was 0.55 ml s (Fig. 3A); the decreased velocity of the
wave front advancing across the fiber orientation can also be seen
in the lower portion of the figure. After the initial mapping pro-
cedure was completed, three microelectrodes were inserted in the
tissue at sites B. C and 0 to continuously record activation times
together with a surface bipolar electrode located at site A. The
resulting activation times recorded at 5 minute intervals for 60
minutes are displayed in Figure 3B. This experiment demonstrates
the relative stability of this preparation over the 60 minute re-
cording time. The mean value and standard deviation of activation
times for each site during this period are displayed at the right in
Figure 3B.
Figure 4 represents an analysis of conduction in an infarcted
epicardial slice In which a region of slow conduction was present.
The dashed lines on the schematic of the preparation (Fig. 4A)
delineate the borders of the mottled infarct. The tissue was stim-
ulated in a normal region ncar site 12 at a basic cycle length of
1.000 ms. Conduction progressed normally from the site of stim-
ulation through part of the infarcted region at a velocity of 0.48
mls parallel to fiber orientation. Between sites 02 and 0 3 and C2
and C3. conduction was suddenly slowed to 0.14 mls. The wave
front then proceeded at a 45° angle to the fiber orientation and
subsequently activated site 4A 90 ms after stimulation. Conduction
at the upper border of the infarct was normal and parallel to fiber
orientation. Figure 4B. C and 0 demonstrates that action potential
variables were depressed in the infarcted region where the con-
duction slowing occurred . None of the cells recorded in this prep-
aration had a resting potential less than 70 mV (Fig. 4B); however ,
there were sites with an action potential amplitude depressed greater
than 2 standard deviations from the mean value for normal epi-
cardium. Also. at two sites (C2 and B3), the recorded action
potentials did not have overshoots. The maximal rate of depolar-
ization in the region of slow conduction and adjacent areas was
tential variables more than I standard deviation from normal mean
control value (light hatching) or more than 2 standard deviations
from the normal mean control value (dark hatching). The stimu-
lating electrode. indicated by the filled circle in panel A was placed
at the upper region of the preparation near site 0 I. Conduction
was faster at the upper region of the preparation parallel to fiber
orientation than across the fiber orientation . indicated by the
compression of isochronic lines as the wave front progressed from
the site of stimulation to the lower left portion of the preparation .
In Figure 2B, C and 0 , the action potential variables fell in the
normal range for epicardial tissues . but sites A3. A4 and A5 had
variables that were just beyond I standard deviation from the
normal mean value.
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The influence offiber orientation on conduction is demonstrated
in Figure 2. The figure shows the relation of action potential
variables to conduction and this format will be used in subsequent
figures. In panel A. the times of activation for sequentially recorded
action potentials at 17 sites on a strip of normal left ventricular
epicardium are shown. The solid lines indicate 5 ms isochrones
and were drawn by visual estimation. Panels B. C and 0 have
corresponding action potential variables for each of the recording
sites. The hatching indicates the recording sites with action po-
Figure 1. Relation between resting potential and overshoot for action
potentials in normal myocardium (A) and for surviving cells in infarcted
myocardium (8 ). On the ordinate. positive values indicate the presence
and negative values the absence of an overshoot and the degree to which
the peak of the action potential is less than 0 potential. The abscissa shows
the magnitude of the resting membrane potential in millivolts with the
interior of the cell being negative relative to the bathing solution.
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Figure 2. Activation sequence map and action potential characteristics
obtained by sequential microelectrode recordings in a normal left ventric-
ular epicardial strip. In A, the numbers indicate the time in milliseconds
after stimulation at which each recording site was activated. The time of
action potential maximal rate of depolarization was taken as the point of
measurement. The isochrones were drawn by visual estimation at 5 ms
intervals. The closed circle at the upper right of the preparation indicates
the location of the bipolar stimulatin g electrode that was used to pace the
preparation at a basic cycle length of 1,000 ms. In B. C and D, sites in
which the action potential variables were greater than I standard deviation
from the mean of all normal recordings are indicated by the light hatching.
The dark hatching indicates an area in which the variable was greater
than 2 standard deviations from the mean value for all normal recordings.
There were no such areas found in this preparation. In B and C . the numbers
in the grid indicate the resting potent ial (Pot.) and action potential (A.P.)
amplitude (Amp.) in millivolts. In D, the numbers indicate the maximal
(rnax.) rate of depolarization (dV/dt) in Vis.
somewhat depres sed (Fig. 4D). The minimal rate of depolarization
recorded was 27 VIs. In this preparation , we found no site that
was not activated by the conducted wave front.
Conduction during pacing. We did not observe ab-
normal conduction during pacing at a basic cycle length of
1,000 ms in 3 of the II infarcted epicardial tissues that we
studied « Table I and Fig. 3). In infarcted tissues with
abnormal conduction , the conduction slowing was not uni-
form but occurred in localized regions of the infarct (Fig.
4). The conduction velocit y that we measured parallel to
fiber orientation in infarcted regions of six preparations with
normal conduction averaged 0.56 ± 0.05 mls. This value
was not statistically different from that obtained in the non-
infarcted preparations.
ELectrophysioLogic Characteristics Associated With
SLow Conduction
In order to analyze action potential characteristics that
were associated with regions of slow conduction, we sep-
arated our data obtained from the infarcted regions into two
groups: sites associated with slowing of the conducted wave
front and sites exhibiting relatively normal conduction. Slow
conduction was defined as a conduction velocity of 0. 2 m/
s or less in an area where the wave front was parallel to the
fiber orientation. For example, sites 02, 03 , C2 and C3 of
Figure 4 were considered to be in a region of slow con-
duction . As the wave front progressed beyond these sites,
it was no longer directed parallel to fiber orientation or it
proceeded normall y (at the upper margin), and therefore
other sites were not considered appropriate for analysis ac-
cording to our criteria. Thus, using these criteria, we may
tend to underestimate those sites cont ributing to slow con-
duction but we will not be including sites where conduction
slows because of the normal anisotropy of muscle . Because
differences in normal conduction velocity due to fiber ori-
entation have been shown to be unrelated to action potenti al
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Figure 3. Activation sequence map(A) and conduction times (B)of four
simultaneous recordings in an epicardial tissue removed from the leftven-
tricle3 daysafterexperimental infarction. Thecircled letters indicate the
sites from which the recordings indicated in B were made. Plotted in B
are the conduction times(in milliseconds) between the site of stimulation
and four simultaneous recording sites (ordinate) versus the elapsed time
in minutes (abscissa).
properties (23-26), the inclusion of these sites in our anal-
ysis would bias the data.
Properties of cells in infarcted area with slow con-
duction. In Figure 5, the relation between action potential
overshoot and resting potential for cells in infarcted regions
exhibiting slow conduction is presented in a format similar
to that of Figure l B . The conduction velocities at these sites
ranged from 0.015 to 0.2 m/s (mean 0.12 ± 0.07). Of the
20 cells that fell into the normal range of resting potentials
but had no overshoot (lower right quadrant of Fig. IB), 12
were in areas of slow conduction (Fig. 5) . In Table 3, the
properties of the slowly conducting cells are presented. In
these slowly conducting regions, there was a high incidence
of cells with depressed resting potential, depressed ampli-
tude and depressed maximal rate of depolarization.
Figure 6 presents data from one epicardial preparation . Four
sequentially recorded action potentials from an area of slow con-
duction are shown in Figure 6A. The vertical dashed line aligns
the stimulus artifacts. Figure 6B presents a schematic of the lo-
cations of the recording sites and the activation times in millise-
conds for each site after stimlation. Between sites E2 and A2,
which were separated by 3 mm, a conduction delay of 56 ms
occurred . Cells recorded between these two sites exhibited notches
and prepotentials (C2 and B2 in Fig. 6A). The activation sequence
map in Figure 6B indicates that the greatest delay parallel to fiber
orientation occurred between sites C2 and 82. Site 03 was acti-
vated after a marked delay of 58 ms and there was only a small
subthreshold response at site 04. Conduction was better at the
lower portion of the tissue. Sites E5 and B5 were activated at 13
and 17 ms compared with 58 ms for the site at I between Band
C.
In analyzing the activation sequence for these recordings, it
appeared that the 66 ms delay in activation of site A2 could have
been caused by two possible mechanisms . As indicated by the
upper arrow in Figure 6B, one possibility is that the wave front
progressing from right to left across B2 activated site A2 as a
result of conduction across an area of inexcitability (27,28) ; that
is, the prepotential in record B2 was due to the slow electrotonic
discharging of the membrane to threshold by the advancing wave
front. When site B2 attained threshold to produce the spike, con-
duction continued to site A2 after a considerable delay. The other
possibility indicated by the lower arrow in Figure 6B is that the
lower wave front slowly progressing around the region of block
at site 04 activated site A2 66 ms after the stimulation. In this
case, site 82 would also be a region of complete block, and the
prcpotential and spike recorded in this cell would be electrotonic
reflections of the colliding wave fronts . In this preparation, an
electrogram recorded from the surface at a distance of I . I em from
the stimulating electrode (not shown in the figure) was activated
45 ms after stimulation . This suggests that of the two possibilities
it was more likely that site A2 was activated by the lower wave
front progressing around the site of block.
In Figure 7 data from another prepartion are presented in a
format similar to that ofFigure 6. The four action potentials shown
in Figure 7A were recorded in the areas indicated by the circled
activation times in the schematic of Figure 7C. The locations of
the recordings made in Figure 7C relative to additional recordings
and the stimulating electrode are indicated in the schematic shown
in Figure 78 . In this experiment, site C2 had a prominent notch
on its depolarization phase. As in Figure 6, the activation map in
Figure 7C indicates that the abnormality in the deplorization phase
of site C2 was probably due to collision of two wave fronts pro-
gressing around an area of conduction block at sites E4 and F4.
To obtain more specific information concerning the elec-
trophysiologic phenomena associated with slow conduction,
we made higher resolution measurements in regions of in-
farcted tissues exhibiting slow conduction . Figures 6 and 7
present data from two of these experiments. It was common
to observe notches, prepotentials and early afterdepolari-
zations associated with the action potential recorded from
cells in areas of slow conduction in infarcted regions.
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Figure 4. Activation sequence map and action potentral characteristics
obtained in an infarcted epicardial preparation removed from the left ven-
tricle 14 days after experimental myocardial infarction. The arrangement
of this figure is similar to that of Figure 2. The regionof the tissue bounded
by the two dashed lines was the area of mottled myocardial infarction.
The value (81) at the site in the normal region to the left of site A3 indicates
the activation time of a bipolar electrogram recorded from the surface of
the preparation.
ular extrastimuli in animals with a reperfused infarct. In a
similar model, Michelson et al. (6) using one to three ven-
tricular extrastimuli at multiple sites demonstrated induci-
bility up to 30 days after infarction. While the characteristics
of the ventricular arrhythmias have not yet been sequentially
Discussion
Changes in the Electrophysiologic Properties
With Time
Tables 1 and 2 show that the population of cells recorded
in the infarcted region of the epicardium had fewer abnor-
malities in the 8 to 15 day postinfarction preparations than
in the 3 to 5 day preparations. We interpret this as indicating
that the electrophysiologic characteristics of the epicardium
had not yet stablilized at 3 to 5 days after the infarction.
Previous studies indicate that differences occur in the time
course of changes in electrophysiologic characteristics of
various regions of the reperfused infarct. In contrast to our
findings for infarcted epicardium, Karagueuzian et al. (19)
reported more normal electrophysiologic properties for sur-
viving muscle on the endocardial surface on day 3 and less
dramatic changes in properties between days 3 and 9. In
addition, Spear et al. (29) reported that action potentials
recorded from intramural cells in papillary muscle slices
remain depressed between the 3rd and 15th day after
infarction.
Karagueuzian et al. (2) observed that beyond 5 days,
arrhythmias were no longer inducible using single ventric-
Figure 5. Relation between resting and action potential overshoot for cells
recorded in regions of slow conduction in infarcted myocardium. The
arrangement of this figure is similar to that of Figure IB, which includes
data from all other infarct sites as well as those presented in this figure.
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Table 3. Electrophysiologic Properties of Slowly Conducting
Cells in Infarcted Myocardium (36 recordings)
evaluated in the same animal from the third day on, our
findings that the cellular electrophysiologic characteristics
continue to evolve beyond day 5 suggest that the charac-
teristics of the arrhythmia may also change over this time.
Figure 6. Transmembrane potential records (A) and activation sequence
map (B) obtained in an infarcted epicardial preparation removed 8 days
after myocardial infarction. In A, the vertical dashed line aligns the
sequential transmembrane potential recordings at the time of the stimulus
artifact. The short horizontal lines to the left of the vertical dashed line
indicate 0 membrane potential for each recording. In B, the numbers
indicate the activation time in ms for each recording site. The activation
sites within the circles are those that correspond to the records shown III
A. BLK indicates a recording site at which the conducted wave front was
blocked. The isochrones were drawn by visual estimation at 5 ms incre-
ments. The arrows indicate two possible pathways of the conducted wave
front that could be responsible for activating site A2.
than 100 cell layers. This may have contributed to our in-
ability to detect abnormal conduction in some regions of
the infarcted preparations.
In our experiments, we were able to verify regions of
slow conduction of wave fronts parallel to fiber orientation
in eight preparations. These areas tended to be localized
and quite small (Fig. 6 and 7). Often, the parallel conducting
wave front was forced to change direction after traversing
such an area (Fig. 4). Data from other laboratories (20)
seem to indicate a more homogeneous slow conduction in
the epicardium overlying a confluent infarct during regular
rhythm, suggesting that the anatomic distribution of sur-
viving cells in the mottled infarct may contribute to the
electrophysiologic heterogeneity of these tissues.
Electrotonic interactions. In our 36 transmembrane po-
tential recordings from areas of slow conduction (Table 3,
Fig. 5), areas of slow conduction included cells with de-
pressed depolarization phases that were not necessarily as-
sociated with low resting potentials. This may have been
due to impairment of membrane function. However, in other
experiments we have described cases of action potentials
with depressed depolarization phases and relatively normal
resting potentials. These action potentials occur in stretched
rat myocardium (31) and in the infarcted region of human
ventricle (32). In both types of tissue, prepotentials and
notches were observed and the action potential amplitude
of a given cell impalement was variable and dependent on
the intensity and location of stimulation. This suggests that
electrotonic interactions may have been contributing to the
phenomenon.
In regions of slow conduction in the present experiments,
we observed areas of local conduction block and prepoten-
tials and notches on the depolarization and repolarization
phases of recorded action potentials (Fig. 6 and 7). These
observations indicate that disruptions in cell to cell electrical
continuity and decreased excitability must occur in the in-
farcted regions and that electrotonic interactions play an
important role. This is supported by the work of other in-
vestigators (27,28,33) indicating that such prepotentials and
notches are a hallmark of electrotonic-mediated delayed
conduction and are associated with disruptions in cell to cell
electrical continuity.
Disruption of cell to cell coupling and decreased ex-
citability. The data of Figures 6 and 7 suggest two pos-
sibilities of how disruption in cell to cell coupling and de-
creased excitability could contribute to slow conduction. In
one case, if conduction must traverse an inexcitable area in
which there remains cellular electrical continuity, a delay
would be experienced because the proximal active site has
to charge a distal excitable site to threshold through an
intervening passive membrane. This kind of conduction has
been described in experimental preparations (27 ,28). An-
other possibility is that areas of local block may force con-
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Mechanisms of Slow Conduction
Conduction was not uniformly depressed in infarcted re-
gions (Fig. 4). In fact, conduction was normal in some
preparations in which the infarct was distributed throughout
the tissue (Fig. 3). Although we did not relate the regions
of slow conduction to the microscopic anatomy of the in-
farct, a recent study by Gardner et al. (30) demonstrated
that abnormal conduction occurred in epicardial border zones
only when the thickness of the surviving regions was less
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Figure 7. Transmembrane potential rec-
ords (A) and activation sequence maps (8)
and (C) obtained in an infarcted epicardial
preparation 5 days after myocardial infarc-
tion. The arrangement of this figure is sim-
ilar to that of Figure 6. The square in 8
indicates the area where the recordings in
C were made. The isochrones in C were
drawn in 2 ms increments.
duction to travel in a microcircuitous pathway . This could
greatly increase the distance through which an impulse must
travel and, therefore, produce slow conduction between re-
cording sites. However, the mechanism would be unnoticed
in an overall conduction sequence map unless the recording
sites were sufficiently closely spaced. Of course, it is also
possible that both mechanisms may contribute simultaneously.
Low amplitude response with normal resting poten-
tial. An additional phenomenon demonstrated by Figure 6
may explain the low amplitude responses with normal rest-
ing potentials recorded in areas of slow conduction. In the
record labeled B2 in panel A of this figure, the rnulticom-
ponent action potential had an amplitude of only 48 mY
while the resting potential was 77 mY. It is possible that
this site was not activated. The potential changes could be
electrotonic reflections of the impulse passively traversing
this area, or they could be the passive responses to the
colliding wave fronts. In a previous study from our labo-
ratory on the determinants of excitability in normal isolated
Purkinje fibers (34) , it was found that the membrane at the
site of intracellular current injection had to be depolarized
to considerably lower potentials than membrane threshold
potential before an active response could be generated. This
was due to "liminal length effects" (35). The electrotonic
influence of adjacent inactive tissue tends to oppose the
active response of the membrane at the site of current in-
jection. In these experiments, the membrane potential at the
site of current injection could be depolarized by 40 mY from
the resting level without producing a conducted response.
This demonstrates that under some conditions even in nor-
mally excitable cells, a depolarization of 40 mY in amplitude
does not indicate an actively conducted response. The in-
appropriately low amplitude of slowly conducting cells in
infarcted regions (Fig. 5) may be due, in part, to this type
of electrotonic influence.
ClinicaL Implications
The arrhythmias that can be induced by programmed
electrical stimulation in the present animal model have many
similarities to those in patients exhibiting recurrent sustained
ventricular tachyarrhythmias after myocardial infarction, and
in both cases the mechanism appears to involve reentry
(2,5,11). In the animal model, the arrhythmias can be re-
producibly initiated and terminated by pacing , and the elec-
trocardiographic manifestations and rate of the arrhythmia
are consistent during repeated inductions (2, 3,5). In addi-
tion, fractionated electrograms can be routinely recorded
from the infarcted region of the ventricle (1,2,5). Two basic
requirements for a reentrant rhythm to be operable in ven-
tricular muscle are local block and slow conduction (36).
The present studies were designed to investigate the mech-
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anisms involved in slow conduction and block in infarcted
regions.
In a previous study on infarcted human ventricular tissues
removed at the time of surgery (32), we recorded action
potentials from viable cells interspersed in a matrix of scar
tissue. Slow conduction and local inexcitable regions as well
as relatively normal regions were observed. These findings
are similar to those of the present experiments. In the ex-
periments on the human tissues, the abnormal action po-
tentials occasionally had normal resting potentials and ex-
hibited prepotentials and notches similar to those described
in the present studies. Because of the difficulty in impaling
multiple cells through the scar in the human tissues, we
were unable to correlate the action potential variables with
conduction in these studies. However, it is likely that their
mechanism was similar to that described for the action po-
tentials in Figures 6 and 7 of the present study.
The experiments of Figures 6 and 7 also suggest the basis
for the fractionated electrograms recorded with extracellular
electrodes within the infarcted region of both human and
animal ventricles (1,2,5,11). Slow conduction in the in-
farcted region is not uniformly slow. There are small lo-
calized regions in which block and discontinuous or micro-
circuitous slow conduction occur with a consistent and
reproducible pattern at each activation. This causes closely
adjacent cells to be activated at widely disparate times,
resulting in the electrotonic ally generated notches and pre-
potentials on their action potentials. It is likely that even a
small extracellular electrode near such a region would also
be able to record these electrical discontinuities, and they
would manifest as fractionated electrograms.
We thank Ralph Iannuzzi and Barbara Moore for their expert technical
assistance and Wilham Schnarr for the histologic preparations.
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